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Aging of visual pathways was measured psychophysically and physiologically in subjects aged 20–89 years. Contrast thresholds
for the chromatic pathways increased with age, but there were no signiﬁcant changes for thresholds of the achromatic pathway at
low spatial frequencies. For visual evoked potential (VEP) responses, again only the chromatic pathways were signiﬁcantly aﬀected
by age. Age-related changes in chromatic responses were not apparent when stimuli were adjusted by age-related contrast thresh-
olds. This suggests that the chromatic and achromatic visual pathways age diﬀerently and that the VEP accurately and objectively
reﬂects behavioral changes with age.
 2004 Published by Elsevier Ltd.
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Visual evoked potential (VEP) studies have shown
that functioning of the visual pathways changes with
age from the early development of the pathways (Crog-
nale, Kelly, Chang, Weiss, & Teller, 1997; Crognale,
Kelly, Weiss, & Teller, 1998; Suttle, Anderson, & Har-
ding, 1997) through maturity (Crognale, Page, & Fuh-
rel, 2001; Fiorentini, Porciatti, Morrone, & Burr, 1996;
Madrid & Crognale, 2000). In adulthood, chromatic
pathways continue to change. Fiorentini et al. (1996)
compared two groups of subjects (mean ages 29 and
72 years) by psychophysically measuring thresholds for
both luminance and L M contrast. The VEPs for
these contrast-matched patterns showed age-related dif-
ferences between the young and old observers. The dif-0042-6989/$ - see front matter  2004 Published by Elsevier Ltd.
doi:10.1016/j.visres.2004.09.041
* Corresponding author. Present address: Department of Psychol-
ogy, Minnesota State University, Mankato, MN 56001, USA. Tel.: +1
775 784 6828; fax: +1 507 389 5831.
E-mail address: jonathan.page@mnsu.edu (J.W. Page).ferences in both the luminance and L M pathways
were signiﬁcant and varied equally. In the older group,
sensitivity declined by about 0.3 log units and latency in-
creased by about 30ms. In order to assess waveform
changes, they also examined transient VEPs utilizing
pattern-reversal responses and again found an aging
eﬀect.
In a related study, Crognale et al. (2001) found simi-
lar eﬀects of aging using pattern-onset chromatic VEP
responses. Twenty subjects were tested, ranging in age
from 21 to 93 years, and a gradual increase in latency
with age was found. One unexpected ﬁnding in this
study was the apparent lack of an aging eﬀect in the ach-
romatic responses.
The lack of change in achromatic responses with age
in the Crognale et al. ﬁndings diﬀered from achromatic
responses in the Fiorentini et al. study. One possible
explanation for this diﬀerence is that in the Fiorentini
et al. study, contrasts were matched as multiples of
threshold across conditions speciﬁcally to compare the
luminance and L M responses. Contrasts were not
matched in the Crognale et al. study, but rather were
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fore possible that the discrepancies can be explained by
diﬀerences in stimulus contrasts. To test this idea, we
examined behavioral and VEP responses with particular
attention to equating contrast levels across stimuli and
across age.
1.1. Visual pathways
There are at least three separate pathways that carry
visual information from the retina to the primary visual
cortex. The luminance pathway transmits mostly infor-
mation pertaining to luminance changes and movement.
Color information is processed by at least two indepen-
dent chromatic pathways. The L M pathway trans-
mits red/green opponent color information and high
spatial frequency luminance information, and responds
to stimuli that modulate the L and M cones. The
S  (L +M) pathway transmits blue/yellow opponent
color information and can best be isolated by stimuli
with chromaticities that selectively modulate the S
cones.
Testing for age-related changes in the diﬀerent visual
pathways requires preferential modulation of the path-
ways. We used stimuli modulated in cardinal directions
within the Derrington, Krauskopf, and Lennie (1984)
color space to selectively activate the luminance,
L M and S  (L +M) pathways. In many studies, as
in the Fiorentini et al. study, stimuli used to modulate
the luminance pathway are yellow/black. This stimulus
is generally chosen when measuring only the luminance
and L M pathways because both stimuli can be pro-
duced by the addition of red and green patterns either
in phase or out of phase. Although chromaticity changes
are undeﬁned along the luminance axis, such stimuli also
modulate the L +M side of the S  (L +M) opponent
pathway, eliciting a response (thus the yellow appear-
ance). If isolation of a luminance pathway response is
desired, it is important to minimize the S  (L +M) re-
sponse as well.
1.2. Equating contrasts
Luminance contrast is well deﬁned (Michelson con-
trast), but there is no equivalent deﬁnition for chromatic
contrast (Morrone & Bedarida, 1995; Stromeyer, Cole,
& Kronauer, 1985). The opponent nature of the cone in-
puts to chromatic pathways does not allow for a Michel-
son contrast to be calculated for the chromatic
pathways. Contrast along the chromatic axes has been
described in terms of cone activation, and subsequently
cone contrast; however, contrast deﬁned in this way is
largely arbitrary when related to Michelson contrast.
The main purpose of this study is to compare the
L M, S  (L +M) and luminance pathways to see if
they age diﬀerently. However, direct comparisons be-tween the pathways are diﬃcult because of the deﬁcien-
cies in the deﬁnition of contrast.
Since physical metrics may be arbitrary, another ap-
proach is to utilize psychophysical methods to empiri-
cally match perceived contrast (Switkes & Crognale,
1999). One way to perceptually equate contrasts is to
measure contrast thresholds (Harris, Calvert, & Snelgar,
1990;Mullins, 1978). Scaling suprathreshold contrasts by
threshold of each pathway will shift individual contrast
response function (CRF) curves towards equivalency
(Switkes & Crognale, 1999). Perceptually equating con-
trasts across conditions helps insure that chosen con-
trasts have similar salience to individual observers,
allowing for a more direct comparison of aging in the
pathways.
Changes in contrast aﬀect both amplitude and latency
of the VEP. Latency is the response characteristic most
commonly used to quantify a response because it is ro-
bust to most extraneous variables. For VEPs, response
latency decreases as a function of contrast in a manner
that depends on the pathway. Therefore, to meaning-
fully compare across pathways, equivalent contrasts
must be chosen to provide responses on similar portions
of the CRF.
The purpose of this study was to test for diﬀerences in
aging of chromatic and achromatic visual pathways. We
felt it was important for comparative purposes to match
stimulus conditions as closely as possible. To this goal,
we presented sinusoidal gratings diﬀering only in path-
way-speciﬁc chromaticities and measured changes with
age using both psychophysical and physiological tech-
niques. Psychophysical thresholds were measured to
perceptually equate stimulus contrast levels and to test
for behavioral diﬀerences in aging of the diﬀerent path-
ways. Two sets of physiological experiments were con-
ducted, one in which aging eﬀects were measured by
ﬁxing the stimuli contrast values at levels equated for
young adults and a second in which contrast thresholds
were determined at each age for each stimulus thus con-
trolling for aging eﬀects.2. Methods
2.1. Subjects
Forty-ﬁve subjects participated in the experiments,
each giving written informed consent. They were re-
cruited from the University of Nevada and the Reno
community. Ten subjects (ﬁve males, ﬁve females), rang-
ing in age from 20 to 29 years, participated in the ﬁrst
part of Experiment 1. To reduce spurious correlations
in the data, these subjects did not participate in any part
of the other experiments. Thirty-ﬁve subjects (12 males,
23 females) participated in the second part of Experi-
ment 1 and also in Experiment 2. They ranged in age
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sented by ﬁve subjects.
Only subjects with normal color vision (determined
using the Ishihara 38-plate test) and normal or corrected
to normal visual acuity of 20/25 or better (determined
using the Snellen Eye Chart and the Rosenbaum Pocket
Vision Screener) were included. Also excluded were
those with surgically corrected vision and those with
suspected relevant pathologies and/or deﬁcient executive
functions. The last two characteristics were assessed
using the Symptoms of Aging and Physical Disabilities
scales from the Self Evaluation of Life Function (SELF)
Scale (Linn & Linn, 1984) and the CLOX test of execu-
tive function (Royall, Cordes, & Polk, 1998).
2.2. Stimuli
Horizontal sinusoidal gratings (1.0c/deg) were gener-
ated on a PC using a Cambridge Instruments graphics
board and presented on a Sony Trinitron Multiscan
20se II monitor. A spectroradiometer (Photo Research
PR650) was used to calibrate the monitor. All stimuli
were viewed at ﬁfty-seven centimeters (57cm) and sub-
tended a visual angle of twenty-one degrees (21). Stimuli
were viewed in a dark room with the only light source
being the monitor displaying the stimulus gratings.
Although light levels were low and do not prohibit re-
sponses from scotopic mechanisms, past research has
shown little to no contribution of scotopic mechanisms
to VEP responses measured under the current conditions
(Rabin, Switkes, Crognale, Schneck, & Adams, 1994).
Chromatic gratings that modulated the L M channel
(red/green opponent pathway) and the S  (L +M)
channel (blue/yellow opponent pathway) were presented
in an onset/oﬀset timing sequence (100ms on, 400ms oﬀ).
A black and white grating that modulated the luminance
pathway was presented in the same manner and will sub-
sequently be referred to as an achromatic grating. All
stimuli were modulated around white while holding
mean luminance (20.0cd/m2) and chromaticity (CIE
1931: X = 0.290, Y = 0.304) constant.
2.3. Isoluminance
Individual diﬀerences in cone spectral sensitivities
(e.g. see Neitz & Neitz, 2000) will inﬂuence pathway re-
sponses, as will changes in the optics due to aging (Wer-
ner, Peterzell, & Scheetz, 1990). Yellowing of the lens
with age selectively reduces the amount of short wave-
length light that reaches the retina. The eﬃciency of SRoot mean squareðRMSÞ :
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Lmax  Lmin
Lmax þ Lmin
 2
þ Mmax Mm
Mmax þMm
scone absorption of the shorter wavelengths of light also
decreases with age resulting in even lower levels of illu-
mination (see Werner et al., 1990 for a review). De-
creased retinal illumination of the short wavelengths
will tilt an individuals isoluminant plane, especially
for the S  (L +M) axis, so that standard color axes
are not isoluminant for these observers. In order to
modulate along the S  (L +M) axis at isoluminance
for older adults, pre-retinal changes with age in retinal
illuminance and contrast transmission were adjusted
for by ﬁnding individual isoluminant points and contrast
matches. Isoluminance was determined for each partici-
pant using a minimum motion paradigm (Cavanagh,
MacLeod, & Anstis, 1987) with a staircase procedure
employing the same grating patterns used throughout
the experiment.3. Experiment 1: Contrast thresholds
3.1. Fixed values
In the ﬁrst part of this experiment, contrast ratios were
established that perceptually equated contrasts of the
three pathways for the average young adult. The ratios
were based on average threshold values of subjects aged
in his/her twenties andwere used in subsequent VEP tests.
3.1.1. Procedure
Each subjects contrast thresholds for the L M,
S  (L +M) and luminance pathways were measured
using a two alternative temporal forced-choice staircase
paradigm. Stimuli were presented in pairs for 500ms
each with 1s between presentations. One of the intervals
was a blank screen. Subjects indicated verbally which
interval they believed was accompanied by a grating.
Gratings for each of the pathways were randomly inter-
leaved, each having two staircases, one ascending and
one descending in contrast. Threshold values were deter-
mined for each pathway by averaging the last three of
nine reversals of each staircase.
3.1.2. Results
Contrast thresholds were ﬁrst expressed as Michelson
and root mean square (RMS) contrast values. Michel-
son contrast was used to describe achromatic thresholds
and RMS cone contrast was used to describe L M and
S  (L +M) thresholds.
Michelson :
ðLuminancemax  LuminanceminÞ
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Fig. 1. Chromatic and achromatic contrasts at threshold. Open circles
and dashed line indicate thresholds and regression line for the L M
pathway. Filled triangles and solid black line represent the
S  (L +M) pathway. Filled diamonds and solid gray line represent
the achromatic pathway. Threshold values are for subjects from the
second part of Experiment 1. (a) Chromatic contrast is scaled to root
mean square (RMS) contrast; achromatic contrast is scaled to
Michelson contrast. (b) Contrast is scaled so that perceptual thresholds
of the pathways will be equivalent for young observers as determined
in the ﬁrst part of Experiment 1 (see text for more detail).
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thresholds was 0.1262% (ranging from 0.0489% to
0.2460%; standard deviation = 0.0665%), for S 
(L +M) thresholds it was 0.9325% (ranging from
0.4171% to 2.0202%; standard deviation = 0.4603%),
and for achromatic thresholds it was 0.3500% (ranging
from 0.2000% to 0.4750%; standard deviation =
0.0862%). Out of the ten subjects, one subject was more
than two standard deviations from the mean in the S 
(L +M) threshold condition with a value of 2.0202%.
These values were then scaled to a threshold-corrected
contrast in order to have a perceptual-based measure to
compare contrasts. Thus, all thresholds were ultimately
expressed according to this new perceptual scale, which
allowed pathway contrasts to be equated for a more di-
rect comparison. Since the averaged L M threshold va-
lue was the lowest, averaged values for S  (L +M) and
achromatic thresholds were scaled to match those of the
L M axis. A factor of 0.1354 was used to scale
S  (L +M) threshold values and 0.3607 to scale achro-
matic threshold values. As an example, for a chromatic
grating with a threshold-corrected contrast of 1%, cone
contrasts at this scale would be:
L  M Axis: L ¼ 0:9258%; M ¼ 1:7717%:
S  ðLþMÞ Axis: S ¼ 0:2721%:
Using this new scale, ten percent (10%) contrast along
the L M axis is perceptually equivalent (equivalent
multiples above threshold) to ten percent (10%) Michel-
son contrast along the achromatic axis. Switkes and
Crognale (1999) demonstrated that measures based on
multiples of threshold agree well with direct contrast
comparisons.
In the current study, averaged threshold values for
the young observers, using the threshold-corrected con-
trast scale, were 0.126% for the three pathways. There-
fore, cone contrasts at averaged thresholds were:
L  M Axis: L ¼ 0:1167%; M ¼ 0:2232%:
S  ðLþMÞ Axis: S ¼ 0:0343%:3.2. Individual values
Individual contrast thresholds for the achromatic and
chromatic pathways were measured across all age
groups using the procedures described in 3.1.1. Finding
threshold values for each observer accomplished two
important tasks. It allowed changes in contrast val-
ues—and the ratio of the changes—to be measured as
a function of age. It also provided a way to test for cor-
relating VEP and behavioral measures.3.2.1. Results
Individual contrast thresholds increased with age for
the chromatic pathways, but showed no aging eﬀect inthe achromatic pathway (Fig. 1). Using regression ana-
lysis, a signiﬁcant aging eﬀect was found for the
S  (L +M) pathway (p < .001) and the L M path-
way (p < .001), but not for the achromatic pathway
(p = .589).
The two graphs in Fig. 1a and b diﬀer only in the
method of scaling. Fig. 1a was constructed using
Michelson/RMS contrast values to represent threshold.
These values were converted to threshold-corrected con-
trast values in Fig. 1b. Since the data are simply scaled,
statistical probabilities remain the same. Regression
analysis estimated a linear relationship to be the best
ﬁt for the regression line. Adding additional parameters
did not signiﬁcantly improve the ﬁt.
3.3. Discussion
In the ﬁrst part of this experiment, averaged contrast
thresholds were found for each pathway and ﬁrst ex-
pressed using standard methods (Michelson/RMS).
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cause of their use in similar studies and are outlined and
described in depth elsewhere (e.g., see Brainard, 1996).
Not surprisingly, we found that when pathways were
perceptually equivalent, they were not at equal Michel-
son/RMS contrasts. For this reason, threshold values
were converted to a new scale referred to as threshold-
corrected contrast. Using this scale, contrast values were
perceptually equated across stimuli.
The threshold-corrected contrast values are taken to
be representative of normal 20–29 year olds. The values
should accurately characterize the individual pathways
since isoluminance was determined for each subject be-
fore ﬁnding thresholds. The normalized contrast values
were used in Experiment 2 to assess aging in the visual
pathways by ﬁnding how the results of older subjects
diﬀer from those of the younger subjects.
In the second part of this experiment, diﬀerences in
contrast thresholds were found that are attributable to
age. As can be seen in Fig. 1a, the Michelson/RMS con-
trast values change with age for the chromatic pathways,
but not the achromatic pathway. Using Michelson/RMS
contrasts, it appeared that all three pathways aged dif-
ferently. Speciﬁcally, the S  (L +M) pathway had a
much larger increase in overall threshold value with
age than the L M pathway. However, when Michel-
son/RMS contrast thresholds were scaled so that they
matched the perceptual contrasts of the young observers
(using the threshold-corrected contrast scale), the appar-
ent diﬀerence in aging between L M and S  (L +M)
pathways disappeared (Fig. 1b). This new scale was de-
signed to make pathway comparisons of thresholds
more meaningful.4. Experiment 2: Visual evoked potentials
Crognale et al. (2001) found that latency increased
with age in the chromatic pathways, but not in the ach-
romatic pathway. This conﬂicted with earlier ﬁndings
(Fiorentini et al., 1996). It was suggested by Crognale
et al. that one explanation for this diﬀerence might be
due to achromatic VEPs being measured at too high
of a contrast level. This possibility was addressed in
the present study by generating stimuli as equivalent
multiples of threshold, as in the Fiorentini et al. study.
Using averaged contrast values from the ﬁrst experiment
determined by young adults should reveal any changes
due to age.
VEP responses to individual contrast values—as
determined in the second part of Experiment 1—were
also measured. Comparing VEP amplitudes and laten-
cies for ﬁxed contrast and individually determined con-
trast conditions allows for the comparison of
physiological responses and behavioral responses. When
VEP responses are generated using individual contrastvalues at each age, behavioral changes with age will be
accounted for in the VEP responses. Amplitude and la-
tency measurements in this condition will show how well
the VEP corresponds to behavioral judgments.
4.1. Procedure
Test gratings were generated using each individuals
isoluminant settings. There was a total of six gratings
presented to each subject: an L M, S  (L +M) and
achromatic grating using ﬁxed contrast values as deter-
mined in the ﬁrst part of Experiment 1 and an L M,
S  (L +M) and achromatic grating using individual
contrast values as determined in the second part of
Experiment 1.
For gratings generated with ﬁxed contrast values,
each subject was presented gratings of a contrast eight
times greater than the averaged contrast threshold of
the young observers. For gratings generated with indi-
vidually determined values, each subject was presented
gratings with a contrast eight times greater than their
own contrast threshold, creating gratings that were spe-
ciﬁcally tailored to each observers visual system.
VEPs were recorded using Grass ampliﬁers input into
a National Instruments IO Board in a PC. Electrodes
were ﬁxed with conductive paste along the midline in
accordance with the International 10–20 system. The ac-
tive electrode was attached at Oz, the reference at Fz,
and the ground at Cz. All electrode sites were scrubbed
with scalp cleanser prior to attachment. Electrode
impedances were kept below 10.0 Kohms (measured at
30MHz).
The stimulus presentations were randomly inter-
leaved and averaged for sixty presentations in each con-
dition. Random interleaving helped to minimize the
eﬀects of extraneous variables that change over the
course of recording, such as fatigue. Stimulus sampling
rate was 400 samples per second with an analysis time
of 200 samples per stimulus presentation (500ms). VEPs
were recorded only when subjects were attentive. All
conditions were presented in one session of approxi-
mately 4min of recording.
4.2. Analysis
All analyses were performed oﬄine. Amplitudes and
latencies were compared across ages and pathways using
regression analysis. Amplitudes were determined for the
chromatic stimuli by calculating the diﬀerence between
the largest negative deﬂection in the individual wave-
form (between 100 and 300ms) and the largest positive
deﬂection in the individual waveform (between 150
and 350ms). For the achromatic stimuli, amplitudes
were determined by the diﬀerence between the largest
positive deﬂection in the individual waveform (from
50 to 250ms) and the largest negative deﬂection in the
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were measured within these same time periods. For
L M and S  (L +M), latencies were measured at
the ﬁrst major negative trough. Latencies for achromatic
stimuli were determined at the ﬁrst major positive peak.
These parameters and response characteristics are reli-
able indicators of visual evoked signals (e.g., see Har-
ding, Odom, Spileers, & Spekreijse, 1996).
4.3. Results
When measuring VEP responses to stimuli with ﬁxed
contrast values, age had a signiﬁcant eﬀect on the chro-
matic pathways as determined using regression analysis.
This is shown by increases in the latency of responses
(Fig. 2a). For the L M pathway, an average net in-
crease of 59ms (152ms–211ms) was found (p < .001),
which is an average increase of 8.43ms per decade. An
average net increase of 52ms (154ms–206ms) was found50
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Fig. 2. VEP responses to ﬁxed contrasts. Figure details are as in Fig. 1.
All VEP responses are to ﬁxed contrasts determined as eight times the
averaged threshold determined by young subjects in the ﬁrst part of
Experiment 1. (a) Response latencies are shown as a function of age.
Chromatic pathways show an increase in latency with age; the
achromatic pathway does not change signiﬁcantly with age. (b)
Response amplitudes as a function of age. Again, the chromatic
pathways show changes via an overall reduction of response amplitude
with age, while the achromatic pathway does not change signiﬁcantly.for the S  (L +M) pathway (p = .004), which is an
average increase of 7.43ms per decade. Response laten-
cies to L M stimuli for two subjects (aged 71 and 89
years) and S  (L +M) stimuli for two subjects (aged
61 and 68 years) were not included in statistical analyses
because their responses were indeterminable. Since grat-
ings were presented at ﬁxed contrast levels, this was
probably due to the contrast being at or near threshold
for these observers. Regression analysis revealed that a
linear function was the best-ﬁt overall for the data. Indi-
vidual representative waveforms of the chromatic re-
sponses from subjects in each decade are shown in
Figs. 4 and 5.
Although the regression line shows a slight trend to-
wards an increase in response latency with age, there
was no signiﬁcant eﬀect of age on the achromatic path-
way. Over the full range, there was a slight increase of
15ms (114ms–129ms), which was not signiﬁcant
(p = .407). This is an average increase of 2.14ms per dec-
ade. A linear function best ﬁt the data as determined by
regression analysis. Representative waveforms are
shown in Fig. 6.50
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Fig. 3. VEP responses to individual contrasts. Figure details are as in
Fig. 1. VEP responses are to patterns with contrasts at eight times each
individuals threshold. (a) Response latencies as a function of age. (b)
Response amplitudes as a function of age. No signiﬁcant changes with
age were found for response latency measures or response amplitude
measures.
Fixed
Contrast
Individual
Contrast
Age (years)
S-(L+M)
81
73
69
52
48
34
29
Fig. 5. Representative S-(L +M) chromatic VEPs. Figure details are as
in Fig. 4.
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Fig. 6. Representative achromatic VEPs. Figure details are as in Fig. 4.
Peaks used to calculate amplitudes and latencies are denoted by
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Fig. 4. Representative L M chromatic VEPs. VEPs for both ﬁxed
and individual contrasts for seven subjects, one subject per decade.
Responses from these same subjects are also graphed in Figs. 5 and 6.
Positivity is indicated as upward. Troughs used to calculate amplitudes
and latencies are denoted by small vertical ticks. Vertical lines are
guides for comparing changes in latency with age. Ages are indicated.
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L M pathway show a signiﬁcant decrease in ampli-
tude with age (p = .005). The regression line decreases
from 24.0lV to 11.1lV, a change of 12.9lV with age
(1.8lV per decade). A signiﬁcant aging eﬀect was also
present in the S  (L +M) pathway (p < .001) with a de-
crease in amplitude from 25.9lV to 8.1lV. This is a de-
cline of 17.8lV, which averages 2.5lV per decade. The
achromatic pathway failed to show an aging eﬀect
(p = .236). Amplitude values changed little with age
(11.1lV–8.4lV; 0.4lV per decade). A linear function
was again used as determined by regression analysis.
When using individual contrast levels to induce a
VEP response, thus equating perceptual contrast at each
age, regression analysis showed there was not a signiﬁ-
cant eﬀect of age on any of the pathways (Fig. 3a and
b). Latency values actually decreased slightly (although
not signiﬁcantly; p = .620) in the L M pathway.
S  (L +M) and achromatic response latencies in-
creased slightly (but again, not signiﬁcantly; p = .863
for S  (L +M), p = .975 for achromatic). Response la-
tency in the achromatic condition was indeterminable
for one subject (age 39 years) and not included in the
statistical analysis. Regression analysis was used to best
ﬁt a linear function to the data.
Amplitudes also did not change signiﬁcantly with age
in any of the visual pathways for stimuli equated percep-
tually (p = .216 for L M; p = .591 for S  (L +M);
p = .706 for achromatic). The data suggest there is a close
correspondence between the VEP and behavioral results.
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In previous studies (Crognale et al., 2001; Fiorentini
et al., 1996), an aging eﬀect was apparent in the chro-
matic pathways. By establishing a ﬁxed contrast value
that was equated for young observers, a steady, linear
increase in latency for the L M and S  (L +M) path-
ways was again evident with advancing age (Fig. 2a).
This increase in latency response to L M gratings
was roughly 8.5ms per decade. This is similar to the Fio-
rentini et al. (1996) study, which found an overall in-
crease amounting to just over 8ms per decade, and the
Crognale et al. (2001) study, which found an increase
in latency response of just over 9ms per decade. The
small sample size of 35 subjects (ﬁve subjects per decade)
in the current study may limit the ability to generalize
from the data; however, as can be seen, the ﬁndings
are generally in line with previous studies. In addition,
measuring amplitudes of VEP responses to ﬁxed con-
trasts decreased signiﬁcantly with age in the chromatic
pathways, but the achromatic pathway failed to show
a signiﬁcant change. The amplitude results mirror the la-
tency ﬁndings in that there was a signiﬁcant eﬀect of age
in the chromatic pathways but not the achromatic path-
way. Therefore, VEP responses at a ﬁxed contrast level
may reveal how the system changes with age.
Age did not signiﬁcantly inﬂuence VEP latency re-
sponses for any of the visual pathways when VEPs were
measured using individual contrasts (as determined by
multiples of threshold). Rabin et al. (1994) found that
VEP response latencies change as a function of contrast.
As contrast increases, response latencies decrease. If
VEPs reﬂect perceptual contrast and contrasts are per-
ceptually equated, then the change in response latency
with age should disappear, as was seen in this experi-
ment. One unexpected ﬁnding was that some younger
subjects had much slower VEP responses to chromatic
stimuli generated from individual contrasts than to stim-
uli with ﬁxed contrasts (compare Fig. 2a with 3a). A
possible cause of this is that the few younger subjects
that showed slower responses to individual contrast
stimuli had thresholds below the average set by the ten
subjects in the ﬁrst part of Experiment 1. Thus, their
individual contrasts of eight times threshold may have
appeared as lower in contrast to their visual system than
the ﬁxed contrasts at eight times threshold. This diﬀer-
ence in illuminance (which is due to individual diﬀer-
ences) is more than likely responsible for diﬀerences
found in response latencies.
The second part of Experiment 1 demonstrated
behaviorally how contrast thresholds increase with age
for the chromatic pathways. These changes in contrast
thresholds with age might be modeled by a horizontal
shift in the contrast response function. As age increases,
contrast thresholds increase, which should also increase
VEP response latencies. Combining the results of Exper-iment 1 and Experiment 2, two points on the CRF
curves were found. One was at threshold (Experiment
1) and one was at eight times threshold (Experiment
2). By comparing contrast thresholds and VEP response
latencies, both were found to change proportionately,
suggesting a uniform shift in the CRF with age.
Interestingly, the achromatic pathway did not show
an aging eﬀect in any of the tests (Figs. 1–3 and 6). This
agrees with an earlier study by Crognale et al. (2001)
that also failed to show an eﬀect of age on the achro-
matic pathway. It was suggested that the earlier ﬁnding
might be due to the higher aﬀective contrast of the ach-
romatic stimuli. In the present experiment, contrasts
were equated perceptually. Considering the results of
the second part of Experiment 1 where achromatic con-
trasts did not show an aging eﬀect, the current ﬁnding is
not unexpected. However, these results disagree with
Fiorentini et al. (1996) who found that achromatic and
chromatic pathways age similarly. This discrepancy
might possibly be explained by diﬀerences in stimulus
conditions (i.e. reversal vs. onset, yellow/black grating
vs. black/white grating). Achromatic responses are most
pronounced when elicited using a reversing pattern. In
the current study, achromatic stimuli were presented in
an onset/oﬀset timing sequence. This method of presen-
tation was purposefully chosen to more closely match
stimulus conditions across age and pathways, which al-
lows for any potential changes to be credited to aging
factors rather than stimulus conditions.
While the selective aging eﬀects seem to inﬂuence the
chromatic pathways more than the achromatic pathway,
these small changes with age are not devastating to the
visual system from a functional standpoint. They are,
however, interesting since achromatic responses develop
early (about 3–4 months postnatal) while chromatic
response characteristics continue to change into early
adolescence (Crognale et al., 1997, 1998; Madrid &
Crognale, 2000). The early development and resistance
to aging seen in achromatic responses is important and
one may speculate that this is due to inherent diﬀerences
of the physiological robustness of the pathways and/or
may have ecological signiﬁcance. It should also be noted
that luminance information is likely carried over several
pathways and this result may be speciﬁc to those path-
ways that transmit low spatial frequency luminance
information. Luminance information transmitted by
the L M pathway at high spatial frequencies should
be lost with age in a manner equivalent to that of low
spatial frequency L M chromatic information.
The similarity in aging between L M and
S  (L +M) pathways is interesting since S cones are
selectively compromised by disease and toxins (Bayer
et al., 1997; Haug, Kolle, Trenkwalder, Oertel, &
Paulus, 1995; Mollon, 1982; Paulus, Schwarz, & Stein-
hoﬀ, 1996; Pokorny & Pinckers, 1979; Porciatti &
Sartucci, 1996). It might have been predicted that the
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clines. However, the S  (L +M) pathway did not show
these diﬀerences. This result might be due to a biased
sample of healthy older subjects in this study, as com-
mon declines in health with age were intentionally
screened out.5. Conclusions
Chromatic isoluminant thresholds were found to in-
crease with age. In order to compare these aging eﬀects
with achromatic visual pathways in a meaningful way, a
scale was employed that equated chromatic and achro-
matic contrasts at a perceptual level. Aging eﬀects on
this scale showed chromatic contrasts for both L M
and S  (L +M) to increase similarly with age. Visual
evoked potential results also revealed that both chro-
matic pathways age equivalently. Unlike the chromatic
pathways, the achromatic pathway was not found to
change signiﬁcantly with age in contrast threshold or
VEP measurements.
This measurable diﬀerence in how the chromatic and
achromatic pathways change with age is curious and
should be further explored. However, we feel it is impor-
tant to point out that the failure to ﬁnd an aging eﬀect in
the achromatic responses does not preclude aging of the
achromatic pathway. It may well be that aging eﬀects
can be revealed using other techniques or diﬀerent
parameters with similar tests. What our results do show
is that the chromatic and achromatic pathways indeed
age diﬀerently. This study also conﬁrmed that the VEP
technique accurately reﬂects behavioral measurements
of aging. VEP response latencies and amplitudes showed
changes that were eliminated when the stimuli were per-
ceptually equated across age. This correspondence of a
physical measurement for a behavioral response may
help to establish an age-corrected database of normative
responses for use in future clinical applications and give
guidance for further exploration in future studies of vi-
sual aging.References
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